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Crystal Structure of Streptococcus mutans
Pyrophosphatase: A New Fold
for an Old Mechanism
Introduction
Inorganic pyrophosphatase (EC 3.6.1.1; PPase), which
catalyzes the hydrolysis of pyrophosphate (PPi) to ortho-
phosphate (Pi), is essential for life, providing a thermody-
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PO Box 56 namic pull for biosynthetic reactions [1]. Two families
of soluble PPases are known to date: family I [2] andUniversity of Helsinki
FIN-00014 Helsinki family II [3, 4], which do not show any sequence similarity
to each other.†Department of Biochemistry
University of Turku The structural and functional properties of family I
PPases have been studied in great detail. Family IFIN-20014 Turku
Finland PPases have a highly conserved active site structure
formed by 13 functionally important residues and three‡A. N. Belozersky Institute of
Physico-Chemical Biology and to four Mg21 ions [5–7]. The sequence of catalytic events
in their active site includes substrate (MgPPi or Mg2PPi)School of Chemistry
Moscow State University binding to preformed enzyme complex containing two
Mg21 ions/subunit, isomerization of the resulting com-Moscow 119899
Russia plex, P-O bond breakdown by direct attack of water,
and stepwise dissociation of two phosphate molecules
[8, 9].
Family II PPases were first described in 1998 [3, 4]. The
Summary
best-characterized family II PPase is that from Bacillus
subtilis [10]. In contrast to family I PPases, family II
Background: Streptococcus mutans pyrophosphatase
PPases are Mn21-activated enzymes and have an order
(Sm-PPase) is a member of a relatively uncommon but
of magnitude higher activity than family I PPases [4]. In
widely dispersed sequence family (family II) of inorganic
this work, the three-dimensional structure of family II
pyrophosphatases. A structure will answer two main
PPase from Streptococcus mutans (Sm-PPase) was
questions: is it structurally similar to the family I PPases,
solved, and the active site was located. Even though
and is the mechanism similar?
the structure of Sm-PPase is completely different from
that of family I PPases such as yeast PPase (Y-PPase),
there is remarkable similarity in the spatial arrangementResults: The first family II PPase structure, that of ho-
of six active site ligands. The catalytic mechanism ofmodimeric Sm-PPase complexed with metal and sulfate
family II PPases is therefore similar to that of family Iions, has been solved by X-ray crystallography at 2.2 A˚
PPases.resolution. The tertiary fold of Sm-PPase consists of a
189 residue a/b N-terminal domain and a 114 residue
Results and Discussionmixed b sheet C-terminal domain and bears no resem-
blance to family I PPase, even though the arrangement
Overall Fold of the Monomerof active site ligands and the residues that bind them
The structure of Sm-PPase can be divided into two do-shows significant similarity. The preference for Mn21
mains: an N-terminal domain comprised of residuesover Mg21 in family II PPases is explained by the histidine
1–189 and a C-terminal domain comprised of residuesligands and bidentate carboxylate coordination. The ac-
196–309. The domains are connected by a 6 residuetive site is located at the domain interface. The C-termi-
linker (Figure 1). The domain structure was origi-nal domain is hinged to the N-terminal domain and exists
nally hinted at in electrospray ionization mass spectros-in both closed and open conformations.
copy (ESI-MS) and N-terminal sequencing data, which
showed cleavage leading to a large N-terminal fragment.
Conclusions: The active site similiarities, including a The mass of the peak indicated cleavage around residue
water coordinated to two metal ions, suggest that the 188, which is in an exposed loop region just before the
family II PPase mechanism is “analogous” (not “homolo- linker (Figure 1).
gous”) to that of family I PPases. This is a remarkable The N-terminal domain consists of a five-strand paral-
example of convergent evolution. The large change in lel b sheet and seven helices (Figure 1). As is characteris-
C-terminal conformation suggests that domain closure tic of parallel b sheet architectures, most (six) of the
might be the mechanism by which Sm-PPase achieves helices are associated with the convex face of the sheet
specificity for pyrophosphate over other polyphos- (Figure 1b). A 6 residue turn connecting strand 1 and
phates. helix A is closely associated with the active site (see
Key words: pyrophosphatase; family II; Streptococcus mutans;§ To whom correspondence should be addressed (e-mail: adrian.
goldman@helsinki.fi [A. G.], reijo.lahti@utu.fi [R. L.]). X-ray structure; metal–product analog complex; structural flexibility;
binuclear metal center; convergent evolutionk These authors contributed equally to this work.
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Figure 1. Overall Structure of the Sm-PPase
Monomer
(a) Stereoview of the Sm-PPase monomer Ca
trace. Color coding is from blue to red from
N to C termini. The N and C termini are indi-
cated, and every 10th residue is numbered.
Metals are green, and sulphates are yellow
and red.
(b) Stereoview of monomer highlighting the
secondary structure elements of Sm-PPase.
Color coding is the same as in (a), and the
view is roughly 908 to (a). b strands are labeled
1–10, and a helices are labeled A–L.
(c) A representation of the topology of Sm-
PPase monomer. N-terminal (lower) and
C-terminal (upper) domains are highlighted in
gray. a helices (red) and b strands (blue) are
labeled as in (b). The start and end residues
of the secondary structure elements are b1,
K2–G7; aA, S13–G30; b2, A33–L38; aB, E43–
F52; aC, S62–G67; b3, Q70–D75; b4, E90–
D96; b5, L109–E114; aD, A119–N130; aE,
K136–D149; aF, D162–G174; aG, Q178–T189;
aH, A196–I202, b6, D203–L209; b7, S212–
T221; aI, I224–L228; aJ, Q231–N245; b8,
S248–D256; b9, N261–G268; aK, T271–F278;
b10, H286–G291; and aL, V300–S306.
below). This is also characteristic of parallel b sheets; lel strands (eight to ten) (Figure 1). Strands seven and
eight are parallel to each other, due to crossover helicesthe active site is at the strand crossover point, which in
Sm-PPase occurs between strands one and three. Helix I and J. Three other helices (Figure 1b) complete the
structure, with helix H on the convex side and K and LG is followed by a 6 residue linker entering helix H and
the C-terminal domain. The core of the C-terminal do- on the concave side.
Family II PPases share no sequence homology withmain is a five-strand mixed b sheet formed from a b
hairpin loop (strands six and seven) and three antiparal- family I PPases [3, 4], and the overall fold of Sm-PPase
The Structure of S. mutans Pyrophosphatase
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Figure 2. Comparison of Sm-PPase and
Y-PPase Folds
The overall fold of Sm-PPase (left) and
Y-PPase (right). Chains are color coded blue
to red from N to C termini. The orientation of
Y-PPase is such that the active site metals
and phosphates are least-squares fitted to
the corresponding Sm-PPase metals and sul-
fates.
bears no resemblance to that of family I PPases (Figure in the two-fold related monomer: two antiparallel b sheet
hydrogen bonds and one to side chain. We believe it is2). A search for similar protein structures was performed
with the DALI server [11]. Alignments with 108 database conserved in all known family II PPases (there are no
substitutions to Ser) because of its methyl group, whichstructures were returned. Of the 50 highest scoring hits,
47 showed similarity to sections of the a/b N-terminal interacts with a hydrophobic cluster formed by V91,
V94, F103, L109, and M111 of the same monomer. Thedomain. The remaining three aligned with portions of
the b sheet of the C-terminal domain. Although the indi- conserved prolines P108 and P115, at the beginning
and end of strand five, may also be essential to helpvidual domains show some similarity with other struc-
tures, the combination of domains in Sm-PPase is position strand five to allow dimerization.
unique.
Active Site
The active site is located in the domain interface, as isOligomeric Structure and Dimer Interface
Recent solution studies show Sm-PPase to be most common in other multidomain proteins. We were able
to determine this easily because the domain interfaceactive as dimer (A. N. Parfenyev, A. Salminen, P. Halo-
nen, A. Hachimori, A. A. Baykov, and R. Lahti, personal contains several regions of electron density that cannot
be modeled as protein (Figure 4a) and because two ofcommunication). Application of spacegroup symmetry
to the two monomers in the asymmetric unit generates them show clear tetrahedral symmetry. Although the
purification and crystallization buffers only containedan approximate C2 dimer bound together by the N-termi-
nal domain (Figure 3a). The angle of rotation between Mg21 and sulfate, two of the peaks per monomer, 7–8
s, were modeled as Mn21. Presumably, trace Mn21 isthe two monomers is 177.88, and the axis is almost
parallel to crystallographic y (w 5 175.58, ` 5 227.88) not exchanged, even with a large excess of Mg21. The
five largest (Fo-Fc) density peaks per monomer were thusbut crosses the x–z plane at 0.357, 0, 0.243 in fractional
coordinates. The dimer described above is clearly the modeled as two Mn21, two SO422, and one Mg21, allowing
us to conclude that this region was the active site (Figurephysiologically relevant one. First, the dimer interface
buries 1720 A˚2, similar to other oligomeric proteins [12] 4b). This is consistent with solution studies showing that
Sm-PPase is a Mn-metalloenzyme, binding in total threeand similar to the amount buried in the interdomain
interface (see below). This is in contrast to the other to four metal ions (Mn21 or Mg21) per monomer in the
absence of substrate (A. N. Parfenyev, A. Salminen, P.possible noncrystallographic dimer in the asymmetric
unit, which buries 710 A˚2. Second, T105, P108, and P115, Halonen, A. Hachimori, A. A. Baykov, and R. Lahti, per-
sonal communication), and that sulfate binds to the en-key interface residues, are conserved in all family II
PPases [4]. Third, the dimer has closed point group zyme with the same affinity as the reaction product,
phosphate (A. B. Zyryanov, personal communication).symmetry; the alternative dimer is related only by a
translation. The interdomain interface is mainly occupied by polar
side chain residues from both domains. It is the mostThe monomer–monomer interface is formed by resi-
dues 99–115, including the loop between strands four conserved region of the protein, containing 21 of the 36
residues conserved in all known family II members (A. N.and five and strand five in each monomer (Figure 3b).
The noncrystallographic symmetry-related (NCS-related) Parfenyev, A. Salminen, P. Halonen, A. Hachimori, A. A.
Baykov, and R. Lahti, personal communication). Nine ofloops form six hydrogen bonds, and strand five forms
four hydrogen bonds with the NCS-related strand five. them appear to participate directly in binding activating
metal ions and substrate (Figures 4b and 4c) in a mannerThe result is that the N-terminal domain b sheet extends
the entire width of the dimer (Figure 3a) and is buttressed quite similar to that observed in family I PPases [5, 6].
Two Mn21 ions and one Mg21 ion are bound in theby interactions from the four to five loop (Figure 3b).
T105 forms three hydrogen bonds with R99 and V100 Sm-PPase active site: M1, M2, and M3, respectively.
Structure
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Figure 3. The Sm-PPase Dimer
(a) Stereoview of Sm-PPase dimer. Monomer
one is above and red; monomer two is below
and green. The metal ions and sulphate are
in green and yellow, respectively, showing
that they are close to the domain interface.
(b) Closeup steroview of the dimer interface.
Residues 99–115 are depicted as sticks, and
residues R99, V100, T105, M111, and L113
are labeled. Hydrogen bonds are shown as
black lines. Color coding is as in (a).
Four aspartates, D12, D14, D75, and D149, and two and by M3. R295, positioned by D203, makes a bidentate
(Ne and Nh2) interaction with Sul2, while K205, M3, andhistidines, H8 and H97, coordinate M1 and M2 (Figure
4b; Table 1). All are completely conserved in family II Wat509 bridge the sulphates. In addition, Sul1 is coordi-
nated by H98 (Table 1). Sul1 forms ionic bonds with bothPPases [4]. Intriguingly, D75 bidentately coordinates
both M1 and M2 (see below). M1 and M2. Finally, the Sm-PPase structure contains a
water molecule (Wat406) bridging M1 and M2 (FigureWhy does Mn21 specifically activate family II PPases
[4, 10] in comparison with Mg21, and why does Mn21 4b), which, by analogy with Y-PPase [5, 15], we believe
to be the attacking nucleophile.remain bound in the presence of a vast excess of Mg21?
First, both M1 and M2 are coordinated by histidines Additional active site elements also superimpose. Su-
perposition of the active site of Y-PPase on Sm-PPase(Figure 4b; Table 1). This is consistent with the fact that
Mn21 is less selective for O ligands over N ligands, but clearly showed significant similarity in the arrangement
of the three metal ions, the nucleophilic water, and theMg21 binds O ligands almost exclusively [13]. Second,
Mn21 accommodates bidentate coordination by carbox- two sulphates/phosphates, suggesting that the catalytic
mechanism of family I [5] and family II PPases is similarylate groups (like that of M1 by D12) better than Mg21,
because it has a larger ionic radius (0.75 A˚ versus 0.65 A˚) (Figure 4c). This is clearly structural and, presumably,
mechanistic convergence. Furthermore, other aspects[13]. As a result of the histidine and D12 coordination,
Mn21 clearly fits into the active site better; binding Mg21 of the active site are similar and different than kinases
and ATPases, which also perform phosphoryl transfer. Ininstead may introduce subtle distortions that inhibit ca-
talysis. Finally, Mn21 is a stronger Lewis acid than Mg21, both enzymes, a single aspartate (D75/D120) bidentately
coordinates M1 and M2 (Figure 4c). The root-mean-thus allowing better lowering of the pKa of the attacking
water nucleophile [14] (see below). square deviation (rmsd) per atom for the superposition
shown is 0.80 A˚. In neither enzyme is there a “giant anionD12 and D149 are indirectly fixed by the conserved
E44 that stabilizes the locations of two other residues: hole” for the putative leaving group P1/Sul2 (Figure 4b);
instead, a lysine and an arginine contact the leavingS13 (either Ser or Thr in family II PPases) and the com-
pletely conserved S148. M3 is not directly coordinated group, and, in both enzymes, the arginine makes a bi-
dentate contact. Nonetheless, the Sm-PPase active site,to any protein residues but is connected via a water
molecule to D203 and binds both sulphates, suggesting though structurally (and almost certainly mechanisti-
cally) similar, is put together from completely differentit binds with the lowest affinity. This is consistent with
the weak electron density observed for M3. pieces of polypeptide than in family I PPases (Figure 2);
this is a clear case of convergent evolution.Two sulphates (Sul1 and Sul2) are bound, primarily
by the positively charged side chains of K205 and R295 There are also several differences between family I
The Structure of S. mutans Pyrophosphatase
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Figure 4. Active Site of Sm-PPase and Com-
parison with Y-PPase Active Site
(a) Stereoview of initial solvent-flattened
NCS-averaged MAD map of the active site
region of Sm-PPase. The map is shown in
gray contoured at 1.5 s and red contoured at
5.0 s to highlight the large peaks associated
with metals M1, M2, and the sulphate ions.
The fit of the refined structure to the model
is shown with atoms color coded by type:
dark grey, carbon; blue, nitrogen; red, oxy-
gen; yellow, sulphur; and green, metal ions.
(b) Stereoview of active site residues and li-
gands. Acidic residues are red, basic resi-
dues are blue, metals are green, sulphates
are yellow, and waters are white. Solid black
lines illustrate bonds to atoms in coordination
and hydrogen bonding positions. H98 has
been omitted for clarity. Sul1 and Sul2 refer
to Sul405 and Sul404; and M1, M2, and M3
refer to M401, M402, and M403, respectively
(Table 1).
(c) Stereoview of the superposition of the ac-
tive sites of Y-PPase in the product com-
plex form [15] on Sm-PPase. Sm-PPase is
shown in green, and Y-PPase in red; nucleo-
philic waters are smaller spheres. The fourth
Y-PPase metal, shown in the middle left, does
not have an Sm-PPase counterpart. Residues
specific to each active site (see text) are la-
beled by amino acid code, sequence number,
and color coded for the respective structure.
and II PPases in their ligand coordination, the most con- probably has a pKa of 6 [9, 15]. As suggested above,
D12 forms bidentate bonds with M1 and is excludedspicuous of which is that family II PPases always [4]
contain three histidines, coordinating the active site li- from interaction with Wat406. However, D149 does hy-
drogen bond Wat406 (Figure 4b).gands in Sm-PPase, whereas the active site of family I
PPases contains none [5, 6]. There are also important
differences in the residues coordinating Sm-PPase Evidence for the Structural Flexibility
at the Domain InterfaceWat406 versus Wat1 in Y-PPase. Being at appropriate
distances, Sm-PPase D12 and D149, which coordinate The averaged and unaveraged experimental electron
density maps were poorly defined in the C-terminal do-M1 and M2, might also form hydrogen bonds to the
bridging water molecule (Figure 4b); in Y-PPase, the main of monomer two. Inspection of the maps during
refinement suggested a different arrangement of theonly protein ligand for nucleophilic water, D117, is not
bound to M1 and M2 [5, 15]. As a result, neither D12 N- and C-terminal domains in monomer two than in
monomer one; the NCS operator that relates the N-ter-nor D149 (with pKas presumably below 4) can act as a
general base catalyst, unlike D117 in Y-PPase, which minal domains did not relate the C-terminal domains.
Structure
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Table 1. Distances between and among Active Site Ligands and Protein Showing Hydrogen Bonding and Metal Ion Coordinationa
Ligandb Coordinating Groupc
M401 nH2O406d: 1.98 (2.04) D12(Od2)e: 1.82 (1.88) D12(Od1)e: 2.57 (2.56) D75(Od2): 1.91 (1.86) H8(Ne2): 2.28 (2.18) Sul405(O1): 1.83
M402 nH2O406: 1.98 (1.90) D14(Od2): 2.18 (2.07) D75(Od1): 1.98 (1.89) D149(Od2): 2.06 (2.08) H97(Ne2): 2.33 (2.26) Sul405 (O3): 2.03
M403 Sul405(O4): 1.96 (2.53) Sul404(O3): 2.09 (4.63) H2O504: 2.00 H2O507: 2.40 H2O597: 2.42 H2O571: 2.54
Sul404 (O1) K205(Nz): 3.17 (3.68) R295(Ne): 2.84 (2.93)
(O2) H2O509: 2.19
(O3) R295(Nh2): 2.87 (2.57) M403: 2.09 (4.63) H2O525: 2.58
(O4) K296(N): 2.88 (2.92)
Sul405 (O1) M401: 1.83 (2.43)
(O2) K205(Nz): 3.18 (6.60) H98(Ne2): 2.62f H2O509: 3.23
(O3) M402: 2.03 (2.33) H98(Ne2): 3.14f
(O4) M403: 1.96 (2.53) H2O597: 3.07 H2O562: 3.01
nH2O406 M401: 1.98 (2.04) M402: 1.98 (1.90) D149(Od1): 2.63 (2.74)
a The distances shown are for monomer one. Because of the structural flexibility (see text), the distances in monomer two are different and are given
in parentheses. Distances (in A˚) are from CNS [26] and are interpreted manually.
b The structure was modeled as having sites M1 and M2 occupied by Mn21 and M3 by Mg21.
c If needed, the coordinating atom is shown in parentheses.
d n indicates that H2O406 is the putative nucleophile.
e D12 makes a bidentate interaction with M401 (see text for details).
f In monomer two, the Ne2 atom of H98 is closer to oxygen O3 of Sul405.
Releasing NCS restraints and further refinement clearly the crystal lattice allows the presence of cleaved mono-
mer two molecules.showed that this was correct. We therefore remodeled
the C-terminal domain of monomer two by a simple rigid Nonetheless, the different orientations of the C-termi-
nal domain (Figure 5) indicate that the linker is flexiblebody motion, using the loop region of the linker between
the N- and C-terminal domains as the hinge. After re- and that the N- and C-terminal domains can move signif-
icantly relative to each other (Figure 3a). The largestfitting and refinement, the C-terminal domain of mono-
mer two showed an rmsd shift of up to 8 A˚ relative to shifts between the open and closed C-terminal domains
were for M3 and Sul2, because they bind predominantlythe C-domain of monomer one (Figure 5). Owing to the
difference in C-terminal domain orientation, the domain in the C-terminal domain. The C-terminal domain pre-
sumably sequesters the active site residues and ligandsinterface buries 1730 A˚2 in monomer one and 1300 A˚2
in monomer two, respectively. during catalysis; the motions seen (up to 8 A˚) are much
larger than the motions seen in Y-PPase going from theAnalysis of the number of crystal contacts showed
that the C-terminal domain is involved in fewer crystal Y-PPase:Mn2 complex to the product complex [5]. One
possible explanation for the large change would be that,contacts in monomer two than in monomer one. In the
latter, 8 residues make a total of 31 crystallographic by sequestering the pyrophosphate during catalysis,
Sm-PPase achieves high specificity for hydrolysis ofcontacts, while, in in the former, 6 residues make only
25 contacts. The lower number of contacts allows for PPi over other similar molecules, such as nucleoside
triphosphates or inorganic polyphosphates. In such aa certain amount of disorder in the orientation of the
C-terminal domain of monomer two with respect to the model, the nucleophile Wat406 would presumably al-
ways be ready for hydrolysis, but only PPi could drive therest of the Sm-PPase dimer. This partly explains why it
has less well-defined electron density, even after refine- conformational change required. Another explanation
might be that the domain motion at one subunit is trans-ment. However, SDS-PAGE of dissolved protein crystals
showed the presence of cleaved N-terminal domain mitted across the rigid N-terminal b sheet to the active
site of the other subunit, creating the possibility that(data not shown), and the additional disorder of the
C-terminal domain of monomer two may be because family II PPases are allosteric.
Figure 5. Superposition of Monomers One
and Two
Stereoview of the superposition of monomer
one and monomer two, with monomer one in
red and monomer two in green. The N-termi-
nal domains of each monomer have been su-
perimposed (rmsd, 0.4 A˚/Ca) so that the 8 A˚
rigid body shift of the C-terminal domains can
be seen. The rotation axis is shown as a black
rod. Figures were generated with Molscript
and Raster3D [27, 28].
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Table 2. Data Collection and Refinement Statistics
Space group P212121
Unit cell (A˚) 75.6, 95.3, 95.5
Data set Peak f † Edge f 9 Remote
Wavelength (A˚) 0.9767 0.9774 0.9050
Resolution (A˚) 2.2 2.2 2.2
Number of observations 130,563 133,914 123,069
Number of unique reflections 37,995 38,052 40,169
Completeness (%) 98.8 99.2 98.2
Rsym (%) 0.078 0.059 0.066
Overall figure of merit 0.49
Resolution range (A˚) 20–2.2
Rcryst 0.217
Rfree 0.265
Reflections
Working set 32,540
Test set 3,247
Number of atoms 4,813
Average B values (A˚2) 34.2
Rmsd from ideality
Bond length (A˚) 0.008
Bond angle (degrees) 1.32
Ramachandran plot
Favored (%) 87.0
Allowed (%) 12.3
Generous (%) 0.6
Disallowed (%) 0.2
f 9 is the wavelength at which there is a minimum in the Kramers–Kronig integration of the X-ray absorption scan of the selenium absorption
edge. f † is the wavelength at the fluorescence signal maximum in the X-ray absorption scan at the selenium absorption edge. FOM 5 figure
of merit 5 jF(hkl )bestj/jF(hkl )j. Rcryst 5 ShkljFobs(hkl) 2 Fcalc(hkl)j/ShklFobs(hkl).
Detailed structural and functional analysis of family II there is no other point of structural similarity. Family I
PPases are all-b sheet “OB-folds” consisting of a singlePPases will eventually test the validity of these pro-
posals. domain; family II PPases have two domains, an N-termi-
nal five-stranded all-parallel sheet a/b domain with a
topology reminiscent of flavodoxin and a C-terminal do-Biological Implications
main containing a mixed sheet. The active site is easily
identified because it contains three metal ions and twoFamily II PPases constitute a new sequence family of
soluble inorganic pyrophosphatases [4], which are sulfate ions and is lined with highly conserved residues.
The active site architecture is remarkably similar to thatwidely dispersed but relatively uncommon, occurring
in Bacillus subtilis (but not B. stearothermophilus), two of the family I PPases, despite the lack of structural
similarity through the rest of the protein. The points ofStreptococcus species, and archael species, including
Methanococcus jannaschii. This kind of occurrence sug- similarity are as follows. Two metal ions bind at the base
of the active site, and an aspartate, D75, coordinatesgests that at some stage of evolution horizontal gene
transfer might have occurred to generate family II both. A water molecule, presumably the attacking nu-
cleophile, sits between the metal ions. The “leavingPPases. However, B. stearothermophilus, closely re-
lated to B. subtilis, has a family I PPase, and family II group” sulfate (distal to the metal ion water grouping)
is held by K205 and R295; the latter uses bidentatePPases, though widespread, are scattered across differ-
ent kingdoms. It is therefore unclear how horizontal gene hydrogen bonds. Clearly, the mechanism is highly analo-
gous (not homologous) to the “three-metal ion” mecha-transfer could have occurred, as it presumably hap-
pened well after the separation of eubacteria from the nism of family I PPases [5] and the “two-metal ion”
mechanism of polymerases [16] but not in the leastarchae, and there is no obvious path for DNA from a
hyperthermophilic deep-sea archael species to a meso- similar to other phosphoryl transfer enzymes, such as
ATPases.philic mouth or soil bacterium. The structure of S. mu-
tans pyrophosphatase (Sm-PPase) is therefore of inter- The differences are also significant. Family II PPases
are known to bind Mg21 but be “activated” by Mn21, andest to determine if and how it differs from classic family
I PPases, such as yeast pyrophosphatase (Y-PPase). the structure suggests why. First, Mn21 will be preferred,
because (unlike family I PPases) two His residues coor-The structure of homodimeric Sm-PPase complexed
with three metal ions and two sulfate ions at 2.2 A˚ resolu- dinate the two metal ions (M1 and M2) at the base of
the active site. Mn21 is more permissive for N ligandstion shows that family I and family II PPases are unques-
tionably related by convergent evolution. Although they than Mg21. Second, D12 bidentately coordinates M1;
such an arrangement does not favor the smaller Mg21.have similar (though not identical, vide infra) active sites,
Structure
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Structure Solution, Model Building, and RefinementThird, Mn21 is a stronger Lewis acid than Mg21, and so
Type 1 crystals of Sm-PPase complexed with metal and sulfateit is likely to activate water more effectively for nucleo-
ions were in spacegroup P212121 and diffracted beyond 3.0 A˚ underphilic attack than Mg21. Sm-PPase has no residue corre-
cryogenic conditions with a rotating anode generator. Vm calcula-sponding to D117 in Y-PPase, which, with a pKa of tions indicated there were most likely two monomers per asymmetric
around 6, probably forms a low-barrier hydrogen bond unit, giving a solvent content of 57% and a Matthews coeffecient
of 2.62 A˚3Da21. All ten selenium sites were identified using three-to the nucleophile during catalysis [15].
wavelength MAD data and SOLVE [20], which treats MAD as a spe-Finally, Sm-PPase shows domain movement. The
cial case of MIR. The peak wavelength was used as native withC-terminal domains in the homodimer differ by up to
inflection and remote wavelengths treated as derivatives.8 A˚; Sm-PPase can exist in both “closed” and “open”
Phase modification was performed with DM [21, 22]. Map tracing
conformations, unlike Y-PPase, which undergoes move- was performed with FFFear [23], ARP/warp [24], and O [25]. Model
ments of around 1 A˚ on binding substrate. This may be building was done with O and refinement with CNS [26] using the
phased peak wavelength structure factors from SOLVE and usingthe specificity mechanism by which Sm-PPase avoids
the MLHL maximum likelihood target with the phase probabilityhydrolysis of polyphosphates other than pyrophosphate:
distribution. The final R factor is 21.7% (Rfree 26.5%). Disorder of theonly pyrophosphate can close Sm-PPase properly.
C-terminal domain of monomer two and possibly missing fragmentsThe work above raised an intriguing practical ques-
in this position probably leads to an increase in the R factors. Data
tion: whether Sm-PPase could be used as a drug traget. collection and refinement statistics are shown in Table 2. Residue
After all, S. mutans is the primary cause of dental caries, N308 in monomer A is in the disallowed region of the Ramachandran
plot. It is solvent exposed and next to regions of exceedingly poorand Sm-PPase (like all PPases) is essential for growth,
density; the neighboring C- and N-terminal residues distort its back-but Sm-PPase is completely different than human (fam-
bone geometry.ily I) PPase.
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Accession Numbers
Structure factors and coordinates have been deposited with acces-
sion numbers 1I74.
Note Added in Proof
Our recent flame absorption spectroscopy measurements have indi-
cated that Sm-PPase includes one iron per monomer. This is consis-
tent with manganese and iron at sites one and two and with magne-
sium at site three.
